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Background: The distribution of human plague risk is strongly associated with rainfall in the tropical plague foci of
East Africa, but little is known about how the plague bacterium is maintained during periods between outbreaks or
whether environmental drivers trigger these outbreaks. We collected small mammals and fleas over a two year
period in the West Nile region of Uganda to examine how the ecological community varies seasonally in a region
with areas of both high and low risk of human plague cases.
Methods: Seasonal changes in the small mammal and flea communities were examined along an elevation
gradient to determine whether small mammal and flea populations exhibit differences in their response to seasonal
fluctuations in precipitation, temperature, and crop harvests in areas within (above 1300 m) and outside (below
1300 m) of a model-defined plague focus.
Results: The abundance of two potential enzootic host species (Arvicanthis niloticus and Crocidura spp.) increased
during the plague season within the plague focus, but did not show the same increase at lower elevations outside
this focus. In contrast, the abundance of the domestic rat population (Rattus rattus) did not show significant
seasonal fluctuations regardless of locality. Arvicanthis niloticus abundance was negatively associated with monthly
precipitation at a six month lag and positively associated with current monthly temperatures, and Crocidura spp.
abundance was positively associated with precipitation at a three month lag and negatively associated with current
monthly temperatures. The abundance of A. niloticus and Crocidura spp. were both positively correlated with the
harvest of millet and maize.
Conclusions: The association between the abundance of several small mammal species and rainfall is consistent
with previous models of the timing of human plague cases in relation to precipitation in the West Nile region. The
seasonal increase in the abundance of key potential host species within the plague focus, but not outside of this
area, suggests that changes in small mammal abundance may create favorable conditions for epizootic
transmission of Y. pestis which ultimately may increase risk of human cases in this region.* Correspondence: smoore62@jhu.edu
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The plague bacterium, Yersinia pestis, has a global distri-
bution, being found in Africa, Asia and North and South
America. However, within this broad geographic range, Y.
pestis is restricted to foci that are ecologically conducive
to the long-term maintenance of transmission cycles [1].
Theories diverge on the exact mechanisms by which Y.
pestis is maintained and the factors responsible for epizo-
otic spread [2,3]. One theory is that Y. pestis is maintained
in enzootic cycles by host species populations that display
a heterogeneous response to infection. Fleas become in-
fected by the susceptible hosts that develop very high bac-
teremias required to infect fleas, while the populations of
resistant hosts provide the necessary blood meals for fleas
to survive, serve to slow the rate of transmission, and pos-
sibly give birth to a mixture of resistant and susceptible
offspring [2,3]. When Y. pestis spills over to highly suscep-
tible host populations (often referred to as epizootic host
species), the infection can spread rapidly at epizootic rates
(R0 > 1) [2]. To date, there is very little empirical evidence
from temperate plague foci in North America to support
the enzootic host theory (reviewed by [3]). Alternatively,
Y. pestis could persist within highly susceptible host popu-
lations in a metapopulation structure without the need for
additional “enzootic” or “reservoir” hosts. Studies from
temperate foci in North America and Central Asia have
shown support for this metapopulation hypothesis [4-8].
Fundamental to both hypotheses is the notion that contact
rates between fleas and hosts dictate the rates of spread of
plague bacteria within host communities. Geographic foci
and the timing of epizootics are often predicted based on
temperature and precipitation patterns, as these factors
affect vector and host abundance and contact rates [9-14].
Typically, human infections arise following epizootics
when susceptible hosts die of plague infections and their
potentially infectious fleas increase their feeding rates on
humans [15]. In recent decades, the majority of human
plague cases have been reported from tropical plague foci,
especially those in east and central Africa and Madagascar
where few studies have attempted to identify how plague
bacteria are maintained during inter-epizootic periods
(but see [16-19]). Such information is fundamental to de-
signing strategies to disrupt the enzootic transmission
cycle and ultimately reduce human plague cases.
Our study focuses on the West Nile region of Uganda,
which represents an epidemiological focus for plague in
that country. Previous studies defined this human plague
focus based on environmental predictors [13,14,20,21].
Specifically, areas above 1300 m, which are generally wet-
ter compared with localities below this threshold, pose a
greater risk for plague. Furthermore, satellite-derived vari-
ables that were significantly associated with elevated risk
were consistent with areas where crops are grown season-
ally. Within the focus, inter-annual variation in plaguecase counts was strongly associated with rainfall [22].
Particularly, the number of plague cases in the West
Nile region was negatively associated with dry season
rainfall (December-February) and positively associated
with “intermediate” season rainfall (June-July), prior to
the main rainy season from August through November
during which most plague cases occur.
Within the West Nile focus and other tropical plague
foci in East Africa, little is known about how Y. pestis is
maintained during inter-epizootic periods and then amp-
lified during epizootics or why the spatial and temporal
distributions are strongly associated with rainfall. A re-
cent study showed that although host abundance and di-
versity were similar inside and outside of a plague focus
in West Nile, flea diversity was higher within the plague
focus compared with outside and suggested that in-
creased flea diversity aids in long term maintenance of
Y. pestis [23]. In the same study, flea diversity in the
West Nile region was strongly and positively correlated
with rainfall amounts. Such a finding is consistent with a
dominant enzootic host theory in the East African litera-
ture positing that Y. pestis is maintained in enzootic cycles
by sylvatic hosts (e.g., Arvicanthis niloticus, Mastomys
spp., and Crocidura spp.) and their fleas with occasional
spill over to highly susceptible roof rats, Rattus rattus, that
live in close association with humans [1,18,19,24,25]. Be-
cause of their close association with humans and the high
efficiency with which their primary fleas (Xenopsylla cheo-
pis) transmit plague bacteria, roof rats (R. rattus) and their
fleas are believed to serve as bridging species to humans
[1,3]. However, the ability of Y. pestis to persist within other
tropical foci with very low host and vector diversity begs
the question of whether separate enzootic hosts are for the
maintenance of Y. pestis. Indeed, in the highlands of
Madagascar plague bacteria are maintained by a single
rodent host, R. rattus, and two flea species [17,26].
In this study, we collected small mammals and their
fleas along an elevation and climatic gradient that in-
cluded areas within and outside of a previously defined
plague focus in the West Nile region, whereby the high
elevation regions are inside the focus, and low elevation
regions are outside [13]. We examined seasonal changes
in the abundances of several potential enzootic plague
hosts both inside and outside the plague focus. Our ob-
jectives were to identify small mammal and flea species
that might play a significant role in Y. pestis transmis-
sion and to model changes in the seasonal abundance of
these key species based on rainfall fluctuations and agri-
cultural practices.
Methods
Description of study region
The study was conducted in the Arua and Zombo districts
in the plague-endemic West Nile region of northwestern
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gion are reported from villages located on the Rift Valley
escarpment in the western portion of these two districts
rather than from the eastern portion below the escarp-
ment [20]. Previous studies have identified 1300 m as a
threshold, above which there is an elevated risk of plague
in the West Nile region [13,14,20]. Ten small mammal
sampling sites were established along a roughly east–west
transect that spanned 725 to 1630 m in elevation. The first
six sites were below the 1300 m threshold and the last
four sites were above 1300 m. Temperature and precipita-
tion vary significantly along the study transect, with higher
elevations experiencing cooler, wetter conditions, lush
vegetation, and fertile soils, while the lower elevations
below the escarpment have sparser vegetation and
sandier soils [13]. Additional ecological characteristics
of the study region have been described previously in
detail [13,14,20,21,25,27].
A total of over 2,400 suspect human plague cases have
been reported in the Arua and Zombo districts since
1999 [22]. The timing of human plague cases is highly
seasonal in these districts, with the majority of cases typ-
ically arising between September and December each
year (Figure 1A). Precipitation in the region is weakly bi-
modal with an initial rainy season from March through
May followed by the primary rainy season from July/August
through November (Figure 1B). Temperature also variesFigure 1 Monthly plague cases, precipitation, temperature, and crop
suspected human plague cases in Arua and Zombo districts from 1999 to
temperatures (°C) at field sites above and below 1300 m. Climate variables
and Forecasting model simulations described in Monaghan et al. [35]. (D) Perce
potatoes, pumpkins, beans, and ground nuts in each month.seasonally, although these variations are relatively minor
compared to the seasonal fluctuations in precipitation.
The highest monthly mean temperature occurs in February
during the dry season and the lowest monthly mean
temperature occurs in August (Figure 1C). Therefore, the
annual peak in plague cases coincides with the wettest,
coolest time of year, with rainfall during the dry season
and in June and July between the two rainy seasons being
the most important climatic driver of the year-to-year
variability of plague cases in the region [22].
Description of small mammal and flea collection
Collections were conducted during eight separate trap-
ping sessions between February, 2010 and March, 2012.
Trapping sessions occurred on a roughly seasonal basis
with three sessions occurring in February-March (2010,
2011, 2012) at the end of the dry season, one session
during the secondary rainy season in May-June (2011),
one session at the start of the primary rainy season in
August-September (2011), and three sessions in either
October (2010) or November-December (2010, 2011)
near the peak or latter portion of the primary rainy sea-
son. During each trapping session small mammals and
fleas were collected from four homesteads at each of the
ten sites along the study transect. Each homestead con-
sisted of a cluster of 2–6 traditional huts with earthen
floors, mud waddle walls and thatch roofing. Twoharvests in West Nile region of Uganda. (A) Number of monthly
2011. Averaged monthly (B) precipitation (mm) and (C) mean
are long-term averages for 1999–2008 derived from Weather Research
ntage of homesteads above 1300 m that report harvesting millet/maize,
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each hut within a homestead. In addition, 16 traps
were placed within the family compound outside the
huts, and 64 traps were set in the peridomestic area
surrounding each homestead by placing two traps (one
of each type) at 10 m intervals along eight 40 m-tran-
sects extending away from the homestead in the four
cardinal and four inter-cardinal directions (Figure 2).
For each session, trapping was conducted for two con-
secutive nights and traps were inoperable from early
morning until dusk. Each of the eight trapping sessions
included 48–192 trap nights per site within the huts
(depending on the number of huts per homestead), 128
trap nights per site immediately outside of the home-
steads and 512 trap nights per site along the transect
lines away from the homesteads. Across the entire
study there were a total of 62,136 trap nights (10,936
inside and 51,200 outside). Fleas were preserved in
70% ethanol and subsequently identified to species
using published taxonomic keys [28-31]. All captured
small mammals were measured, weighed, identified to
species based on morphological measurements [32],
and combed for fleas. Small mammal species that could
not be easily identified morphologically to species were
only identified to genus initially (e.g., Crocidura spp.,
Mastomys spp., and Praomys spp.). To confirm field iden-
tifications and to describe the species composition of
small mammals identified as Mastomys spp. and Croci-
dura spp., molecular identifications were made by query-
ing Cytochrome b gene sequences against the NCBI
nucleotide collection database. During small mammal
trapping efforts, ear tissue samples from each individualFigure 2 Schematic of sampling design for a single homestead withinwere collected in 70% ethanol and stored at ambient
temperature for up to 4 years. A subsample of specimens
were selected for molecular identification so that multiple
samples were analyzed for each trapping site and for each
separate trapping session to detect any spatial or temporal
differences in species identification.
Nucleic acids were extracted from 37 Crocidura and 36
Mastomys tissue samples using the DNeasy Blood and
Tissue kit following manufacturer’s protocols (Qiagen,
Valencia, CA). Amplification of the ~1140 bp cytochrome
b gene was achieved using the universal mammalian
primers L14723 and H15915 [33]. Each 50 μl PCR reac-
tion contained GoTaq Green Master Mix (1x, Promega,
Sunnyvale, CA), 5 μl (5–25 ng) template, and a final con-
centration of 600 nM for each primer. Cycling parameters
have been described previously [34]. Amplified products
were purified using the QIAquick PCR Purification Kit
(Qiagen, Madison, WI) prior to sequencing on a Dyad
DNA Engine thermal cycler using BigDye Terminator v3.1
Ready Reaction reagents (Applied Biosystems, Foster City,
CA). Each reaction was then processed using the Big Dye
Xterminator Purification Kit (Applied Biosystems) and
run on a 3130XL genetic analyzer (Applied Biosystems).
Forward and reverse sequences for each sample were as-
sembled, and nucleotide positions for which we did not
obtain at least double coverage were manually trimmed
from either end of the consensus sequence using Laser-
gene software (version 11.2.1, DNASTAR, Madison,
WI). The resulting sequence was used to query the
NCBI nucleotide collection database using the Basic
Local Alignment Search Tool (BLAST). Sequences were
obtained for 31 Crocidura spp. and 30 Mastomys spp.a village.
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tempts to extract DNA failed, or if double coverage of at
least 750 nucleotides within the target sequence could
not be obtained. Crocidura spp. sequences ranged in
length from 1129 to 1144 bp and all (31 of 31) most
closely matched Crocidura olivieri cytochrome b se-
quences within the GenBank database (EU742597.1,
KC684161.1; Query coverage: 99–100%, query identity:
98–99%). Sequences obtained from individuals identi-
fied as Mastomys spp. were between 758 and 1136 bp in
length. The majority of the samples (20 of 30) were
most similar to cytochrome b sequences of Mastomys
erythroleucus (JQ735643.1, GQ227889.1, JX292863.1,
JX292868.1, FN393048.1; Query coverage: 98–100%,
query identity: 95–99%). Four samples were most simi-
lar to Mastomys natalensis (HE864089.1; Query cover-
age: 98–99%, query identity: 99%). The remaining
samples (6 of 30) were likely misidentified in the field,
and were most similar to cytochrome b sequences in the
database for Zelotomys hildegardeae (n = 3, EU349791.1;
Query coverage: 100%, query identity: 98%), Praomys
daltoni (n = 1, JQ735733.1; Query coverage: 100%, query
identity: 97%), Praomys jacksoni (n = 1, AF518361.1;
Query coverage: 100%, query identity 99%), and Otomys
irroratus (n = 1, JF619553.1; Query coverage: 100%,
query identity: 87%).
Climate and environmental variables
Due to the lack of ground-based meteorological stations
within the study region, and to account for variation in
climate variables that arise over a diverse landscape, we
used the Weather Research and Forecast (WRF) model
to simulate a climate dataset centered over the West
Nile region of Uganda [14,35]. WRF is a meso-scale nu-
merical weather simulation model suitable for both re-
search and prediction applications with the ability to
resolve small-scale phenomena [36]. WRF simulations
were conducted for the period from 1999 to 2008 at a
2-km spatial resolution (WRF simulation details in [35]).
Ten-year average monthly precipitation totals and
monthly mean temperatures were then calculated for
use in our analysis and extracted for each homestead
using ArcGIS 10.1 (ESRI, Redlands, CA). Examination of
the total rainfall and normalized difference vegetation
index (NDVI, a proxy of vegetation biomass) for 2010–
2012 indicates that rainfall and vegetation were nearly
the same as the 2001–2010 mean during the majority of
the eight collection periods, and therefore the 1999–2008
climate data are representative of the conditions during
the field study. Exceptions occurred during the February-
March collection periods in all three years: rainfall in
2010 was 45–60% above normal, and in 2011 and 2012
was 45–60% below normal. However February-March is
a relatively dry time of year, so in absolute terms thesepercentage departures from normal are small. This fact
is evident from the NDVI data, which indicates vegeta-
tion biomass was less sensitive to the large fluctuations
in February-March rainfall: NDVI was only 15–25%
above normal in 2010, and 0–15% below normal in 2011
and 2012. We conclude that the 1999–2008 climate
data—which span approximately the same period as the
2001–2010 mean—are representative of the conditions
during the field study and are therefore appropriate for
use in this study.
A survey of which crops were grown and when they
were harvested was conducted at 37 of the 40 homesteads.
Eight different crops were planted by over 50% of the
homesteads surveyed, and of these eight crops six were
harvested seasonally rather than year-round (Figure 1D;
beans, potato, maize, pumpkin, millet, and ground nuts).
Because millet was harvested by fewer than 50% of the
homesteads within the area of elevated risk and maize and
millet tended to be harvested at the same time, we com-
bined the millet and maize harvests into a single indicator
variable. For each of the other four seasonally variable
crops we created indicator variables to designate the
months when each homestead typically harvests a par-
ticular crop. Full details of the homestead survey results
are presented in [37]. All protocols were reviewed by
the Science and Ethics Committee of the Uganda Virus
Research Institute, the Uganda National Council for
Science and Technology, and the Institutional Animal
Care and Use Committee (Protocol number 09–023) of
the Centers for Disease Control and Prevention’s Division
of Vector-Borne Diseases to ensure compliance with
Animal Welfare Regulations (9 CFR Chapter 1, Subchapter
A, Part 2) and/or the Public Health Service Policy on
Humane Care and Use of Laboratory Animals Section IV.
Data analysis
The abundance of each small mammal and flea species
at each of the four homesteads within a trap site was cal-
culated by correcting for trapping effort (number of trap
nights per homestead) per trapping session. Host species
richness was calculated for each homestead as the number
of unique small mammal species (or genera) collected per
session and host species diversity was calculated using
Simpson’s diversity index [38]. Because several small
mammals could be identified only to genus rather than
species, we calculated host richness and diversity using
both the number of species and number of genera. The re-
sults of all analyses were similar using either measure, so
only the results using host species are presented here. Flea
species richness and diversity were calculated using the
same methods based on the fleas collected on-host.
To examine whether host and flea communities dif-
fered in and around homesteads inside or outside of the
region of elevated plague risk we classified trapping sites
Figure 3 Abundance (per 100 trap nights) above and below
1300 m of the eight most common small mammals. Error bars
represent ±1 SE. *Indicates statistically significant difference (α = 0.05)
between abundance above and below 1300 m using repeated
measures analysis with a generalized linear mixed model.
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1300 m threshold (4 sites were above 1300 m, 6 below).
Each trapping session was classified as occurring during
the plague season (from August through December) or
outside of the plague season (January through July) in
order to examine seasonal variations in the host and flea
communities. Elevation differences in host and flea com-
munities were tested via repeated measures analysis by
comparing values above or below 1300 m with a gener-
alized linear mixed model using the lme4 package in R
[39] to account for the unbalanced number of observa-
tions above and below 1300 m. Trapping session and the
elevation indicator variable were treated as fixed effects
and homestead ID was treated as a random effect. Seasonal
differences were also tested using a generalized linear
mixed model with the plague season indicator variable
treated as a fixed effect and homestead ID as the random
effect. We also examined differences in the total abun-
dance of small mammals, the abundance of the four most
commonly captured small mammals (Rattus rattus, Arvi-
canthis niloticus, Crocidura spp., and Mastomys spp.), the
pooled abundance of small mammals other than the four
most common, and flea abundance per host corrected for
trapping effort. For each of these variables we examined
differences in mammals or fleas collected from within
huts only, outside of huts only, or both within and outside
of the huts together. The ratio between small mammal
abundances at particular locations along the traplines
(10, 20, 30, and 40 meters from homestead) were also
tested to determine whether small mammals were
more likely to be captured closer or further from the
homestead during particular months of the year.
The relationships between seasonal fluctuations in the
abundance of the most common small mammal species
and environmental conditions were explored using linear
regression via generalized linear mixed models with
trapping site treated as a random effect. For each species
whose abundance varied significantly between trapping
sessions during and outside of the plague season we ex-
amined the relationship between abundance per trapping
session and climatic variables at sites above or below
1300 m. Monthly precipitation and mean temperatures
for zero to eight months lag were considered as potential
explanatory variables to examine the potential for a de-
layed biological response to climate as predicted by the
trophic cascade model [9,10]. In addition, the harvesting
of beans, potato, pumpkin, ground nuts, and a combin-
ation of maize and millet 0–8 months prior were consid-
ered as potential explanatory variables. The best model
for each response variable was selected using Akaike’s
Information Criterion (AIC) and an R2 statistic was cal-
culated from likelihood ratio statistics and only models
with an R2 > 0.30 were retained [40]. The relationship
between flea abundance per host and environmentalconditions was examined using the same methods. All
analyses were conducted using R 2.15 (R Core Team
2013).
Results
Summary of small mammal and flea data
A total of 3,201 small mammals were captured over the
eight trapping sessions, with 1,127 (35.2%) collected
from within huts, 78 (2.4%) collected from within the
family compound outside of the huts, and 1,996(62.4%)
collected from the peridomestic setting surrounding the
homesteads. Corrected for trapping effort this represents
10.3 small mammals per 100 trap nights within huts, 0.8
per 100 trap nights in the family compound, and 4.9 per
100 trap nights along the traplines. The four most com-
monly collected hosts (R. rattus, A. niloticus, Crocidura
spp., and Mastomys spp.) accounted for 2,443 (76%) of
all small mammals collected (Figure 3). The majority of
small mammals captured inside of the huts were R. rat-
tus (993 of 1,127 [88.1%]), and only 83 R. rattus were
captured outside of the huts. Overall, at least 16 differ-
ent small mammal species from 13 genera were col-
lected (Table 1). A total of 3,975 fleas comprising at
least 12 different species were collected from all small
mammals, with over half collected from A. niloticus
(27%) and R. rattus (26%). Over 97% of the fleas col-
lected (3,874 of 3,975) were one or another of the seven
most common flea species: Xenopsylla cheopis, X.
Table 1 Flea infestation of small mammals collected at all ten sites from February 2010 to March 2012
Total no. fleas collected (no. fleas/hosts examined
Host species No. host Xc Xb Xn DI Cc St Eg Cb Cf Dlo La Tp Un Total
R. rattus 1076 548(0.51) 237(0.22) 7(0.01) 12(0.01) 12(0.01) 4(0.00) 176(0.16) 3(0.00) 25(0.02) 0(0.00) 1(0.00) 1(0.00) 9(0.01) 1035(0.96)
A. niloticus 607 466(0.77) 109(0.18) 7(0.01) 255(0.42) 224(0.37) 2(0.00) 0(0.00) 16(0.03) 1(0.00) 6(0.01) 0(0.00) 0(0.00) 7(0.01) 1093(1.80)
Crocidura spp. 424 329(0.70) 19(0.04) 0(0.00) 25(0.06) 11(0.03) 181(0.43) 0(0.00) 0(0.00) 0(0.00) 1(0.00) 0(0.00) 0(0.00) 6(0.01) 572(1.35)
mastomys spp. 336 323(0.96) 57(0.17) 12(0.04) 26(0.08) 10(0.03) 28(0.08) 0(0.00) 2(0.01) 1(0.00) 0(0.00) 0(0.00) 0(0.00) 5(0.01) 464(1.38)
M. minutodies 193 6(0.03) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 13(0.07) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 19(0.10)
T. valida 158 36(0.23) 1(0.01) 215(1.36) 8(0.05) 0(0.00) 0(0.00) 1(0.01) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 2(0.01) 263(1.66)
T. emini 157 10(0.06) 0(0.00) 168(1.07) 3(0.02) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 5(0.03) 1(0.01) 0(0.00) 0(0.00) 0(0.00) 187(1.19)
A. hindei 101 200(1.98) 0(0.00) 2(0.02) 2(0.02) 0(0.00) 1(0.01) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 205(2.03)
L. flavopunctatus 61 0(0.00) 8(0.13) 0(0.00) 3(0.05) 43(0.70) 12(0.20) 0(0.00) 0(0.00) 0(0.00) 4(0.07) 0(0.00) 0(0.00) 0(0.00) 70(1.15)
L. striatus 39 10(0.26) 0(0.00) 1(0.03) 6(0.15) 13(0.33) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 30(0.77)
Praomys spp. 18 1(0.06) 3(0.17) 0(0.00) 0(0.00) 0(0.00) 1(0.06) 0(0.00) 0(0.00) 0(0.00) 1(0.06) 0(0.00) 0(0.00) 0(0.00) 6(0.33)
C. gambianus 12 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 6(0.50) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 6(0.50)
Thamnomys spp. 7 6(0.80) 0(0.00) 1(0.14) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 7(1.00)
Unknown 7 3(0.43) 2(0.29) 0(0.00) 2(0.29) 1(0.14) 7(1.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 15(2.14)
L. sikapusi 4 0(0.00) 0(0.00) 0(0.00) 1(0.25) 1(0.25) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 2(0.50)
Mylomys spp. 1 1(1.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 1(1.00)
Total 3201 1939(0.61) 436(0.14) 413(0.13) 343(0.11) 315(0.10) 249(0.08) 177(0.06) 21(0.01) 38(0.01) 13(0.00) 1(0.00) 1(0.00) 29(0.01) 3975(1.24)
Hosts and fleas are listed in descending order of abundance.
Hosts: R. rattus: Rattus rattus; A. niloticus: Arvicanthis niloticus; M. minutodies: Mus minutodies; T. valida: Tatera valida; T. emini: Taterillus emini; A. hindei: Aethomys hindei; L. flavopunctatus: Lophuromys flavopunctatus;
L. striatus: Lemniscomys striatus; C. gambianus: Cricetomys gambianus; L. sikapusi: Lophuromys sikapusi.
Fleas: Cf: Ctenocephalides felis; Cc: Ctenophthalums cabirus; Cb: Cetonphthalums bacopus; Dl: Dinopsyllus lypusus; Dlo: Dinopsyllus longifrons: Eg: Echinophaga gallinaceum; La: Leptosyllus aethiopicus; St: Stivalius torvus;
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mus cabirus, Stivalius torvus, and Echinophaga gallinacea
(Tables 1 and 2).
Total small mammal abundance, species diversity, spe-
cies richness, and the abundance of R. rattus, A. niloticus,
and Mastomys spp. were not significantly different above
and below 1300 m averaged across all trapping sessions.
However, Crocidura spp. were significantly more abundant
above 1300 m (0.84 per 100 trap nights) than below
1300 m (0.50/100 trap nights; Wald χ2 = 5.24, p = 0.02).
Flea abundance per host did not differ significantly above
or below 1300 m (Wald χ2 = 0.17, p = 0.68). Flea species
richness and diversity were both significantly higher above
1300 m than below 1300 m (Wald χ2 = 12.49, p = 0.0004;
Wald χ2 = 43.32, p < 0.0001). Flea species richness and di-
versity remained higher above 1300 m than below 1300 m
both during and outside of the plague season.
Comparisons of temporal changes in host abundance
above and below 1300 m
Total small mammal abundance was higher during the
plague season than outside of the plague season at sites
above 1300 m (Wald χ2 = 23.55, p < 0.0001), but not at
sites below 1300 m (Wald χ2 < 0.01, p = 0.99; Figure 4).
In addition, the abundance of A. niloticus (Wald χ2 =
14.76, p = 0.0001) and Crocidura spp. (Wald χ2 = 43.31,
p < 0.0001) were both higher during the plague season
than outside of the plague season at sites above 1300 m,
but not at sites below 1300 m (Figure 4). These results
were significant whether measuring abundance from all
trap locations at a site or only from traps placed outside
of the huts. There was a significant decrease in small
mammal abundance collected from within huts below
1300 m during the plague season (Wald χ2 = 6.26, p = 0.01),
but no change above 1300 m (Wald χ2 = 0.01, p = 0.93).
Total R. rattus abundance did not differ seasonally at sites
above 1300 m (Wald χ2 = 0.28, p = 0.60), but R. rattus
abundance was significantly lower during the plague sea-
son below 1300 m (Wald χ2 = 4.72, p = 0.03; Figure 4).
There was no seasonal change in R. rattus abundance
within huts, but the number of R. rattus trapped outside
of the huts varied seasonally both above (Wald χ2 = 4.72,
p = 0.03) and below 1300 m (Wald χ2 = 4.94, p = 0.03).
Above 1300 m R. rattus abundance outside of the huts in-
creased significantly during the plague season (0.07/100
trap nights outside of season vs. 0.19/100 trap nights dur-
ing season), but below 1300 m R. rattus abundance out-
side of the huts decreased significantly during the plague
season (0.19/100 trap nights outside of season vs. 0.06/100
trap nights during season). However, the number of R. rat-
tus collected outside of the huts (n = 82; 0.13/100 trap
nights) was relatively small compared to the number of R.
rattus captured within huts (n = 988; 8.8/100 trap nights).
Small mammal species richness and diversity were bothsignificantly higher during the plague season than outside
of the plague season at sites above 1300 m (Figure 5; Wald
χ2 = 17.69, p < 0.0001; Wald χ2 = 6.05, p = 0.01), but not at
sites below 1300 m (Wald χ2 = 3.35, p = 0.07; Wald χ2 =
2.61, p = 0.11). There was no significant effect of distance
from homestead in the abundance of any of the four main
small mammal species either above or below 1300 m. In
addition, there was no evidence of any seasonal variations
in the effect of distance from homestead on the abun-
dance of any of the four main small mammal species
above or below 1300 m.
Comparisons of temporal changes in flea abundance and
diversity above and below 1300 m
Flea abundance per host was significantly higher outside
of the plague season than it was during the plague sea-
son above 1300 m (Figure 5C; Wald χ2 = 7.31, p = 0.007),
and showed a non-significant trend towards higher
abundance outside of the plague season below 1300 m
(Wald χ2 = 2.83, p = 0.09). Above 1300 m flea species
richness and diversity from all small mammals did not
vary seasonally (Wald χ2 = 0.03, p = 0.86; Wald χ2 = 0.16,
p = 0.70), but flea species richness on small mammals
collected outside of huts was significantly higher during
the plague season than outside of the plague season
(Wald χ2 = 6.75, p = 0.009; flea diversity: Wald χ2 = 2.24,
p = 0.13). Below 1300 m flea species richness did not
vary seasonally (Wald χ2 = 0.16, p = 0.69), but flea diversity
was significantly higher during the plague season than
outside of the plague season (Wald χ2 = 4.18, p = 0.04).
Associations between small mammal abundance and site-
specific climate and crop measures
There was no significant association between the abundance
of R. rattus above or below 1300 m and any temperature
or precipitation variables. There was a positive association
between R. rattus abundance below 1300 m and the per-
centage of homesteads harvesting maize or millet five
months prior (r2 = 0.59).
The strongest single correlations between A. niloticus
and climate measures above 1300 m were a negative asso-
ciation between A. niloticus abundance and the monthly
mean temperature at a one month lag (r2 = 0.43) and a
negative association with monthly precipitation at a six
month lag (r2 = 0.41). The strongest correlation between
A. niloticus abundance and a single crop measure was a
positive association with the percentage of homesteads
harvesting maize or millet in the current month (r2 = 0.52).
The two best fit models of A. niloticus abundance above
1300 m with climate-only variables included a negative as-
sociation with monthly precipitation at a six month lag
and either a positive association with precipitation at a
four month lag (r2 = 0.50) or a positive association with
the current monthly mean temperature (r2 = 0.48; Table 3).
Table 2 Number of fleas and number of fleas per host collected from the most common small mammals
Total no. fleas collected (no. fleas/hosts examined)
Host species No. hosts XC Xb Xn DI Cc St Eg Total
Above Below Above Below Above Below Above Below Above Below Above Below Above Below Above Below Above Below
R. rattus In 250 268 1(0.00) 310(1.16) 119(0.48) 0(0.00) 0(0.00) 2(0.01) 9(0.00) 0(0.00) 9(0.04) 0(0.00) 4(0.02) 0(0.00) 0(0.00) 79(0.29) 145(0.58) 415(1.55)
Out 240 322 0(0.00) 240(0.75) 119(0.50) 0(0.00) 0(0.00) 5(0.02) 3(0.01) 0(0.00) 2(0.01) 1(0.00) 0(0.00) 0(0.00) 81(0.34) 16(0.05) 210(0.88) 268(0.83)
A. Niloticus In 214 144 0(0.00) 45(0.31) 50(0.23) 0(0.00) 0(0.00) 0(0.00) 168(0.79) 4(0.03) 158(0.74) 2(0.01) 1(0.00) 5(0.03) 0(0.00) 0(0.00) 387(1.81) 59(0.41)
Out 101 151 0(0.00) 421(2.79) 68(0.67) 0(0.00) 0(0.00) 7(0.05) 83(0.82) 0(0.00) 63(0.62) 1(0.01) 1(0.01) 0(0.00) 0(0.00) 0(0.00) 223(2.21) 433(2.87)
Crocidura spp. In 169 111 0(0.00) 44(0.40) 14(0.08) 0(0.00) 0(0.00) 0(0.00) 11(0.07) 1(0.01) 9(0.05) 0(0.00) 144(0.85) 1(0.01) 0(0.00) 0(0.00) 182(1.08) 50(0.45)
Out 61 86 1(0.02) 311(3.62) 5(0.08) 0(0.00) 0(0.00) 0(0.00) 12(0.20) 1(0.01) 2(0.03) 0(0.00) 32(0.52) 0(0.00) 0(0.00) 0(0.00) 53(0.87) 314(3.65)
mastomys spp. In 62 55 0(0.00) 6(0.11) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 5(0.08) 0(0.00) 0(0.00) 0(0.00) 5(0.08) 7(0.13)
Out 47 29 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 7(0.15) 0(0.00) 0(0.00) 0(0.00) 7(0.15) 0(0.00)
M. minutodies In 14 70 0(0.00) 10(0.14) 1(0.07) 0(0.00) 0(0.00) 52(0.74) 6(0.43) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 1(0.01) 7(0.50) 63(0.90)
Out 14 60 0(0.00) 26(0.43) 0(0.00) 0(0.00) 0(0.00) 163(2.72) 2(0.14) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 2(0.14) 191(3.18)
T. valida In 14 70 0(0.00) 10(0.14) 1(0.07) 0(0.00) 0(0.00) 52(0.74) 6(0.43) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 1(0.01) 70(0.50) 63(0.90)
Out 14 60 0(0.00) 26(0.43) 0(0.00) 0(0.00) 0(0.00) 163(2.72) 2(0.14) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 2(0.14) 191(3.18)
T. emini In 8 60 0(0.00) 7(0.12) 0(0.00) 0(0.00) 0(0.00) 63(1.05) 3(0.38) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 4(0.50) 75(1.25)
A. hindei Out 9 80 0(0.00) 3(0.04) 0(0.00) 0(0.00) 0(0.00) 105(1.31) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 108(1.35)
L. flavopunctatus In 37 0 0(0.00) 0(0.00) 1(0.03) 0(0.00) 0(0.00) 0(0.00) 1(0.03) 0(0.00) 22(0.59) 0(0.00) 4(0.11) 0(0.00) 0(0.00) 0(0.00) 28(0.76) 0(0.00)
Out 24 0 0(0.00) 0(0.00) 7(0.29) 0(0.00) 0(0.00) 0(0.00) 2(0.08) 0(0.00) 21(0.88) 0(0.00) 8(0.33) 0(0.00) 0(0.00) 0(0.00) 42(0.00) 0(0.00)
L. striatus In 3 8 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 1(0.33) 0(0.00) 1(0.33) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 2(0.67) 0(0.00)
Out 6 22 0(0.00) 10(0.45) 0(0.00) 0(0.00) 0(0.00) 1(0.00) 5(0.83) 0(0.00) 12(2.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 0(0.00) 17(2.83) 11(0.50)
Total In 837 904 3(0.00) 572(0.63) 208(0.25) 0(0.00) 0(0.00) 125(0.14) 213(0.25) 7(0.01) 201(0.24) 3(0.00) 174(0.21) 7(0.01) 0(0.00) 80(0.09) 808(0.97) 834(0.92)
Out 559 913 1(0.00) 1393(1.53) 238(0.43) 0(0.00) 0(0.00) 288(0.32) 117(0.21) 6(0.01) 109(0.19) 2(0.00) 68(0.12) 0(0.00) 81(0.14) 16(0.02) 622(1.11) 1710(1.87)
Flea infestation numbers are given for above and below 1300 m and separated by collections during the plague season (August-December) or outside of the plague season (January-July). Only the seven most













Figure 4 Comparison of abundance of most common small
mammals during and outside of the plague season. Abundance
is mean adjusted abundance per homestead inside and outside of
huts (per 100 trap nights). Error bars represent ±1 SE. *Indicates
statistically significant difference (α = 0.05) between abundance
during and outside of plague season using a generalized linear
mixed model with homestead ID as a random effect.
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that emerged when crop measures were included in model
construction showed a positive association with the per-
centage of homesteads harvesting maize or millet in the
current month and a positive association with the harvest
of ground nuts four months prior (r2 = 0.69; Table 3).
The strongest single correlations between Crocidura
spp. abundance and climate measures above 1300 m
were a positive association with monthly precipitation at
a three month lag (r2 = 0.44) and a negative association
with mean temperature at a one month lag (r2 = 0.43).
The strongest single correlations between Crocidura spp.
abundance above 1300 m and crop measures were a
negative association with the percentage of homesteads
harvesting beans six months prior (r2 = 0.34) and a nega-
tive association with the percentage of homesteads har-
vesting millet or maize six months prior (r2 = 0.32). The
best fit model of Crocidura spp. abundance above
1300 m incorporating only climate variables included a
positive association with monthly precipitation at a three
month lag and a negative association with the current
monthly mean temperature (r2 = 0.58; Table 4). The best
fit models of Crocidura spp. abundance above 1300 m
incorporating climate and crop variables also included a
positive association with monthly precipitation at a three
month lag along with either a negative association with
the percentage of homesteads harvesting potatoes at a
two month lag (r2 = 0.60) or a negative association withthe percentage of homesteads harvesting pumpkins at a
three month lag. (r2 = 0.58; Table 4).
Discussion
Small mammal abundance, species richness, and diversity
increased significantly during the plague season within a
region of elevated plague risk in Western Uganda. In par-
ticular, the abundance of A. niloticus and Crocidura spp.
increased during the plague season at higher elevations
within the region of elevated plague risk, but did not show
the same increase in abundance at lower elevations out-
side of the plague zone. The seasonal abundance of Croci-
dura spp. were positively associated with precipitation at a
three month lag, while the abundance of A. niloticus was
negatively associated with precipitation at a six month
lag. In contrast, the abundance of the domestic rat
population (Rattus rattus) did not show significant sea-
sonal fluctuations along the elevation gradient and there
was no association between R. rattus abundance and
any climate variables.
Small mammal species A. niloticus and Crocidura spp.
have been implicated as significant hosts in enzootic
transmission for several reasons. Although the level of
susceptibility of these two mammalian taxa to Y. pestis
infection has yet to be investigated, serological evidence
of exposure suggests some resistance to plague-caused
mortality exists in their populations [1,18,41] and sero-
positive Arvicanthis spp. and Crocidura spp. (as well as
Mastomys spp. and several other species collected in this
study) have been found in other plague foci within East
Africa [24,42]. In particular, seropositive A. niloticus
have been collected from the Ituri region of the Demo-
cratic Republic of Congo, which is near our study area
and may form a single contiguous plague focus [42]. It
also has yet to be determined whether they develop suf-
ficiently high bacteremia to infect feeding fleas but the
fact they live in close proximity to human habitations,
harbor fleas that are capable of vectoring Y. pestis, and
harbor fleas (X. cheopis or X. brasiliensis) that are shared
with the presumed epizootic host (R. rattus) [25] is note-
worthy and suggests they could play an important role
in the ecology and epidemiology of plague in the West
Nile region. In addition, A. niloticus shares similarities
to other key enzootic hosts in other plague foci in that
they are heavily infested with a diverse flea community,
are colonial and burrow-dwelling [43]. Such traits likely
facilitate flea transfer amongst hosts and survival of fleas
within burrows. Although Crocidura spp. generally har-
bor a lower diversity of fleas, their omnivorous feeding
behavior, which includes carrion, could facilitate Y. pestis
transmission via direct contact [44,45]. Under the as-
sumption that Y. pestis transmission rates are density
dependent, our observation that the abundance of these
two species increased during the plague season within
Figure 5 Species richness, diversity, and abundance of small
mammals and fleas inside and outside plague risk area.
(A) Comparison of species richness of small mammals and fleas
during and outside of plague season. Fleas-all is the number of flea
species collected from both indoors and outdoors in a homestead,
Fleas-outside is the number of flea species collected from outside of
the huts in a homestead. (B) Species diversity of small mammals
and fleas during and outside of plague season. (C) Total abundance
of fleas per homestead and fleas per small mammal host during and
outside of plague season. Error bars represent ±1 SE. *Indicates
statistically significant difference (α = 0.05) between abundance
during and outside of plague season.
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tion that these hosts are likely important in the transi-
tion from enzootic to epizootic transmission. In contrast
to the fluctuations in the abundance of A. niloticus and
Crocidura spp., the abundance of the domestic rat popu-
lation (R. rattus) did not show significant seasonal fluc-
tuations along the elevation gradient, despite the fact
that it is an epizootic host and presumably the primary
source of infectious flea bites for humans living in this
region.
On-host flea species diversity in the West Nile region
of Uganda is significantly higher within the plague focus
above 1300 m while flea abundance does not appear to
vary significantly with elevation [23]. Our results corrob-
orate both of these findings and indicate that the high
on-host flea diversity does not vary seasonally and re-
mains significantly higher above 1300 m both during
and outside of the plague season. Multiple flea species
collected at sites within the plague focus have been re-
ported to be naturally infected with Y. pestis and competent
vectors under laboratory conditions (e.g., X. brasiliensis,
D. lypusus), have been found to be naturally infected with
Y. pestis (C. cabirus), or belong to genera containing other
species known to be naturally infected or capable of trans-
mitting plague bacteria (S. torvus) [1]. The fact that these
four species of fleas were mostly absent from small mam-
mals collected outside of the plague focus suggests that a
diverse flea community may help maintain the Y. pestis
transmission cycle within the enzootic community [23].
For example, X. brasiliensis was found frequently on both
R. rattus and A. niloticus within the plague focus and may
serve as a bridging vector between these two host species.
Dinopsyllus lypusus and C. cabirus were common on A.
niloticus above 1300 m but not below 1300 m and S. tor-
vus was abundant on Crocidura spp. above 1300 m but al-
most entirely absent below 1300 m. Although a study in
Tanzania found no difference in flea abundance or diver-
sity between plague-endemic and plague-free areas, hosts
that were more abundant in the plague-endemic locations
tended to harbor more closely-related fleas, showing the
importance of species composition [46]. All three of the
previously mentioned flea species were occasionally found
Table 3 Best fit models of Arvicanthis niloticus abundance above 1300 m with climate and crop variables
Model R2 AIC ΔAIC Model parameters Parameter estimate
Climate variables only – Above 1300 m
1 0.50 −217.3 0 Precipitation – 6 month lag −0.56
Precipitation – 4 mo. Lag 0.37
2 0.48 −215.6 1.7 Precipitation – 6 mo. Lag −1.4
Mean temperature – 0 mo. lag 0.83
Climate and crop variable – Above 1300 m
1 0.69 −232.3 0 Maize/Millet harvest – 0 mo. lag 0.47
Nut harvest – 4 mo. Lag 0.53
2 0.68 −231.0 1.3 Maize/Millet harvest – 0 mo. lag 0.51
Bean harvest – 4 + 5 mo. Lag 0.51
Model r2, AIC, and ΔAIC values and parameter estimates for all models with ΔAIC <2 and parameter estimates significant at an α = 0.05 confidence level. ΔAIC
represents the difference between a model’s AIC value and the AIC value of the best fit overall model. Parameter estimate values are expressed as a change in
abundance per 100 trap nights as a result of a 1°C increase in temperature, 100 mm increase in precipitation, or per each additional homestead at a trapping
location harvesting a given crop.
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therefore they may maintain transmission within the A.
niloticus or Crocidura spp. populations or also contribute
to the maintenance of Y. pestis transmission within a net-
work of multiple sylvatic host species.
Unlike flea species diversity, the diversity of small
mammals did not vary significantly with elevation, how-
ever small mammal species richness and diversity did in-
crease significantly during the plague season within the
plague focus. The abundances of both A. niloticus and
Crocidura spp. increased significantly during the plague
season within the plague focus leading to a significant
increase in the total small mammal abundance within
the plague focus. A previous study based on only one
year of data found no significant differences in small
mammal abundances between sites inside and outside of
the plague focus in the region when all trapping sessions
were pooled together [23]. These significant seasonalTable 4 Best fit models of Crocidura spp.abundance above 13
Model R2 AIC ΔAIC
Climate variables only – Above 1300 m
1 0.58 −245.6 0
2 0.56 −244.3 1.3
Climate and crop variables – Above 1300 m
1 0.60 −247.6 0
2 0.58 −245.7 1.9
Model r2, AIC, and ΔAIC values and parameter estimates for all models with ΔAIC <
represents the difference between a model’s AIC value and the AIC value of the be
abundance per 100 trap nights as a result of a 1°C increase in temperature, 100 mm
location harvesting a given crop.changes in total small mammal abundance and the
abundance of several competent Y. pestis hosts within
the plague focus may be important for promoting an
increase in transmission among sylvatic hosts if trans-
mission is density-dependent in this system. An in-
crease in abundance could also increase the number of
susceptible individuals in these populations. An in-
crease in the abundance of A. niloticus and Crocidura
spp. could also increase the likelihood of spillover of
infectious fleas and Y. pestis to the main epizootic host
(R. rattus) and humans.
Significant increases in the number of R. rattus captured
outside of huts were observed during the plague season
compared with outside of the plague season. In contrast,
abundance of R. rattus captured inside of huts, which
represented the vast majority of captures, remained
stable between seasons. These findings suggest that al-
though R. rattus living away from homes experience00 m with climate and crop variables
Model parameters Parameter estimate
Precipitation – 3 mo. lag 0.28
Mean temperature – 0 mo. lag −0.15
Precipitation – 3 mo. lag 0.41
Precipitation – 4 mo. lag −0.25
Precipitation – 3 month lag 0.43
Potato harvest – 2 mo. lag −0.32
Precipitation – 3 mo. lag 0.53
Pumpkin harvest – 3 mo. lag −0.29
2 and parameter estimates significant at an α = 0.05 confidence level. ΔAIC
st fit overall model. Parameter estimate values are expressed as a change in
increase in precipitation, or per each additional homestead at a trapping
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crop harvests, those collected in the hut environment
do not appear to be limited by environmental conditions
or food availability. This would also explain why R. rat-
tus abundance was not associated with precipitation or
temperature inside or outside of the plague focus. It also
doesn’t appear that R. rattus abundance is a factor in
distinguishing between high and low risk areas within
the West Nile region as R. rattus abundance didn’t differ
between sites inside and outside of the plague focus. It
is possible that the abundance of R. rattus inside of huts
is consistently maintained at sufficient levels to serve as
epizootic hosts. Indeed, looking at households within the
plague risk area, no significant differences in rat abun-
dance were observed between villages with a history of
human plague cases and those without [47]. However, the
increase in abundance of R. rattus outside of the huts dur-
ing the plague season within the focus may increase con-
tact rates with other small mammals and promote the
spillover of fleas and Y. pestis from sylvatic hosts such as
A. niloticus, Crocidura spp. or Mastomys spp.
The negative association of A. niloticus with precipita-
tion at a six month time lag indicates that A. niloticus
abundance increases six months after the middle of the
dry season and is lowest several months following the
end of the rainy season. In addition, A. niloticus abun-
dance was also positively associated with either precipi-
tation at a four month lag or the current monthly
temperature. Previous research has associated the inter-
annual variation in human plague cases in the West Nile
region with below average dry season (December-February)
precipitation and above average precipitation in June and
July prior to the start of the plague season in August [22].
The negative association of A. niloticus abundance with
precipitation at a six month lag suggests that low precipi-
tation during the dry season may favor increases in the A.
niloticus population six months later. This translates to an
expected increase in A. niloticus during June-August, or
just preceding the plague season. This could provide
ample time for epizootic transmission within sylvatic hosts
followed by spillover into R. rattus and later into humans.
Additionally, a positive association with precipitation in
June and July would correspond to an increase in A. niloti-
cus abundance in October and November when plague in-
cidence peaks in the human population. This influx in the
Arvicanthis population, presumably through births, could
provide additional susceptible hosts to perpetuate the Y.
pestis transmission cycle.
The positive association of Crocidura spp. abundance
with precipitation at a three month lag would also cor-
respond to an increase in Crocidura spp. coinciding with
the occurrence of plague in humans. A positive associ-
ation between precipitation and the incidence of plague
in humans can result from a trophic cascade whererainfall promotes the growth of food sources for the syl-
vatic hosts followed by an increase in their reproduction
and population size [9,10]. Increases in the population
density of host populations have been associated with
plague epizootics in rodent populations and an increased
risk of spillover to humans in several systems [7,48-50].
A.niloticus is capable of giving birth to litters of 4–12
young every 23 days during the breeding season and can
breed year-round under highly favorable conditions [43].
The high reproductive rate of A. niloticus suggests that
the population could increase within six months of the
height of the dry season and several months after the on-
set of the first rainy season as a response to an increase in
plant primary productivity.
The abundance of A. niloticus was positively correlated
with the harvest of millet and maize in the current
month. This positive association without a time lag sug-
gests a behavioral, rather than a reproductive, response
to the harvesting of millet and maize. A. niloticus may
be drawn to the millet that is left to dry outside of the
homesteads as well as the grains that are dropped in the
field following the harvest. The abundance of small
mammals in a plague-endemic region of Tanzania also
appear to be positively influenced by the harvesting of
maize and potato [51]. We did not see a significant shift
in relative abundance along the transect lines outside of
the huts, which would have suggested a strong shift in
the population distribution into the peridomestic area
next to the homestead. Because the transect lines only
extended 40 meters out from the huts, the increase in
abundance along the entire transect suggests that individ-
ual A. niloticus may be moving from the sylvatic environ-
ment into the crop fields surrounding the homesteads
within the plague focus. The peak timing of the combined
millet and maize harvests is August and September, which
coincides with the beginning of the plague season. This
provides further evidence that the timing of epizootics in
the domestic R. rattus population may be at least in part
driven by more frequent contact with enzootic hosts such
as A. niloticus. Crocidura spp. abundance was not strongly
associated with the current month’s harvest of any crops,
but was negatively associated with the bean, millet, and
maize harvests at a six month lag suggesting that the in-
crease in Crocidura spp. abundance during the plague
season was not related to the maize or millet crop har-
vest at that time. It is possible that Crocidura only re-
sponds indirectly to crop harvesting since they eat
primarily insects, which may increase their populations
following the harvest.
The seasonal increase in the abundance of key potential
host species within the area of elevated plague risk, but
not outside of this area, suggests that changes in small
mammal abundance may create favorable conditions for
epizootic transmission in the West Nile region of Uganda.
Moore et al. Parasites & Vectors  (2015) 8:11 Page 14 of 15This supports the previous hypothesis that sylvatic small
mammal species are essential for maintaining Y. pestis
within the long standing plague foci in East Africa [18,52].
In particular, the increased abundance of A. niloticus and
Crocidura spp. within the plague focus during the plague
season supports previous suggestions that these species
are important hosts of the Y. pestis transmission cycle in
this region and may play a large role in the timing of epi-
zootics. The lagged response of A. niloticus and Crocidura
spp. to precipitation four to six months prior, along with
the positive association between A. niloticus abundance
and the peak harvesting of millet and maize in August,
could explain why epizootics and plague transmission in
humans typically peak from September through December.
In addition, the higher flea diversity at sites above 1300 m
may play an important role in maintaining Y. pestis trans-
mission cycles within the West Nile plague focus. One
limitation to any interpretation of our results is that our
collections occurred during a two year period when no
large epizootics or epidemics were observed in the West
Nile region. Therefore, we cannot describe how small
mammal and flea populations would respond during epi-
zootic events. Obviously, it is important to observe these
suspected enzootic communities over time to monitor
changes prior to and during an epizootic in order to deter-
mine which small mammal species and their associated
flea communities are critical to the enzootic maintenance
and spillover of Y. pestis in the West Nile plague focus.
Conclusion
The increase in abundance of several key small mammal
species during the plague season in areas of high plague
risk, but not areas of low plague risk, supports previous
suggestions that these species are important hosts of the
plague transmission cycle in this region and may play a
large role in the timing of outbreaks. The abundance of
both of these small mammal species was associated with
rainfall and the abundance of the most common wild ro-
dent (Arvicanthis niloticus) was also positively associated
with the harvest of millet and maize. These associations
were consistent with previous models of the timing of hu-
man plague cases in relation to precipitation in the West
Nile region, suggesting that the reproductive or behavioral
responses of key small mammal species to these environ-
mental drivers may drive plague risk in Uganda.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
RJE, KLG, and JNB conceived and designed the study. JNB, JTM, and LAA
conducted and supervised the field studies and surveys. KAB, JM, and KM
conducted the identification and analysis of the field collections. AM
contributed novel computational techniques for the statistical analysis. SMM
and AM performed the statistical analysis. SMM, AM, and RJE wrote the
manuscript. All authors read and approved the final version of the manuscript.Acknowledgements
We thank J. Kaggwa, E. Kajik, C. Mungujakisa, M. Olowo, E. Tibo, and F.
Wuuna for assisting in the collection of field specimens, village residents
who allowed us to conduct this study in and around their residences, and N.
Babi and E. Mbidde for logistical support.
Author details
1National Center for Atmospheric Research, 3090 Center Green Drive, Boulder
80301, CO, USA. 2Division of Vector-Borne Diseases, Centers for Disease Control
and Prevention, 3156 Rampart Road, Fort Collins 80522, CO, USA. 3Department of
Epidemiology, Johns Hopkins Bloomberg School of Public Health, 615 N
Wolfe St, Baltimore, MD 21205, USA. 4Uganda Virus Research Institute,
Entebbe, Uganda.
Received: 9 May 2014 Accepted: 19 December 2014References
1. Gratz N: Rodent reservoirs and flea vectors of natural foci of plague. In
Plague Manual: Epidemiology, Distribution, Surveillance and Control. Geneva:
World Health Organization; 1999:63–96.
2. Gage KL, Kosoy MY: Natural history of plague: perspectives from more
than a century of research. Annu Rev Entomol 2005, 50:505–528.
3. Eisen RJ, Gage KL: Adaptive strategies of Yersinia pestis to persist during
inter-epizootic and epizootic periods. Vet Res 2009, 40:1.
4. Keeling MJ, Gilligan CA: Metapopulation dynamics of bubonic plague.
Nature 2000, 407:903–906.
5. Stapp P, Antolin MF, Ball M: Patterns of extinction in prairie dog
metapopulations: plague outbreaks follow El Nino events. Front Ecol
Environ 2004, 2:235–240.
6. Collinge SK, Johnson WC, Ray C, Matchett R, Grensten J, Cully JF Jr, Gage KL,
Kosoy MY, Loye JE, Martin AP: Landscape structure and plague occurrence
in black-tailed prairie dogs on grasslands of the Western USA. Landsc
Ecol 2005, 20:941–955.
7. Davis S, Trapman P, Leirs H, Begon M, Heesterbeek JAP: The abundance
threshold for plague as a critical percolation phenomenon. Nature 2008,
454:634–637.
8. George DB, Webb CT, Pepin KM, Savage LT, Antolini MF: Persistence of
black-tailed prairie-dog populations affected by plague in northern
Colorado, USA. Ecol 2013, 94:1572–1583.
9. Parmenter RR, Yadav EP, Parmenter CA, Ettestad P, Gage KL: Incidence of
plague associated with increased winter-spring precipitation in New
Mexico. Am J Trop Med Hyg 1999, 61:814–821.
10. Enscore RE, Biggerstaff BJ, Brown TL, Fulgham RE, Reynolds PJ, Engelthaler DM,
Levy CE, Parmenter RR, Montenieri JA, Cheek JE, Grinnell RK, Ettestad PJ, Gage
KL: Modeling relationships between climate and the frequency of human
plague cases in the southwestern United States, 1960–1997. Am J Trop Med
Hyg 2002, 66:186–196.
11. Ben Ari T, Gershunov A, Tristan R, Cazelles B, Gage K, Stenseth NC:
Interannual variability of human plague occurrence in the Western
United States explained by tropical and North Pacific Ocean climate
variability. Am J Trop Med Hyg 2010, 83:624–632.
12. Brown HE, Ettestad P, Reynolds PJ, Brown TL, Hatton ES, Holmes JL,
Glass GE, Gage KL, Eisen RJ: Climatic predictors of the intra- and
inter-annual distributions of plague cases in New Mexico based on
29 years of animal-based surveillance data. Am J Trop Med Hyg 2010,
82:95–102.
13. Eisen RJ, Griffith KS, Borchert JN, MacMillan K, Apangu T, Owor N, Acayo S,
Acidri R, Zielinski-Gutierrez E, Winters AM, Enscore RE, Schriefer ME, Beard CB,
Gage KL, Mead PS: Assessing human risk of exposure to plague bacteria in
Northwestern Uganda based on remotely sensed predictors. Am J Trop Med
Hyg 2010, 82:904–911.
14. MacMillan K, Monaghan AJ, Apangu T, Griffith KS, Mead PS, Acayo S, Acidri
R, Moore SM, Mpanga JT, Enscore RE, Gage KL, Eisen RJ: Climate predictors
of the spatial distribution of human plague cases in the West Nile region
of Uganda. Am J Trop Med Hyg 2012, 86:514–523.
15. Barnes AM: Surveillance and control of bubonic plague in the United
States. Symp Zool Soc Lond 1982, 50:237–270.
16. World Health Organization: Human plague: review of regional morbidity
and mortality, 2004–2009. Wkly Epidemiol Rec 2010, 85:40–45.
Moore et al. Parasites & Vectors  (2015) 8:11 Page 15 of 1517. Andrianaivoarimanana V, Kreppel K, Elissa N, Duplantier J-M, Carniel E,
Rajerison M, Jambou R: Understanding the persistence of plague foci
in Madagascar. PLoS Negl Trop Dis 2013, 7:2382.
18. Kilonzo BS, Makundi RH, Mbise TJ: A decade of plague epidemiology and
control in the Western Usambara Mountains, North-east Tanzania. Acta
Trop 1992, 50:323–329.
19. Laudisoit A, Leirs H, Makundi R, Krasnov BR: Seasonal and habitat
dependence of fleas parasitic on small mammals in Tanzania. Integr Zool
2009, 4:196–212.
20. Winters AM, Staples JE, Ogen-Odoi A, Mead PS, Griffith K, Owor N, Babi N,
Enscore RE, Eisen L, Gage KL, Eisen RJ: Spatial risk models for human
plague in the West Nile region of Uganda. Am J Trop Med Hyg 2009,
80:1014–1022.
21. MacMillan K, Enscore RE, Ogen-Odoi A, Borchert JN, Babi N, Amatre G,
Atiku LA, Mead PS, Gage KL, Eisen RJ: Landscape and residential variables
associated with plague-endemic villages in the West Nile region of
Uganda. Am J Trop Med Hyg 2011, 84:435–442.
22. Moore SM, Monaghan A, Griffith KS, Apangu T, Mead PS, Eisen RJ:
Improvement of disease prediction and modeling through the use of
meteorological ensembles: human plague in Uganda. PLoS One 2012,
7:44431.
23. Eisen RJ, Borchert JN, Mpanga JT, Atiku LA, MacMillan K, Boegler KA,
Montenieri JA, Monaghan A, Gage KL: Flea diversity as an element for
persistence of plague bacteria in an East African plague focus. PLoS One
2012, 7:35598.
24. Makundi RH, Massawe AW, Mulungu LS, Katakweba A, Mbise TJ, Mgode G:
Potential mammalian reservoirs in a bubonic plague outbreak focus in
Mbulu District, Northern Tanzania, in 2007. Mammalia 2008, 72:253–257.
25. Amatre G, Babi N, Enscore RE, Ogen-Odoi A, Atiku LA, Akol A, Gage KL, Eisen RJ:
Flea diversity and infestation prevalence on rodents in a plague-endemic
region of Uganda. Am J Trop Med Hyg 2009, 81:718–724.
26. Duplantier J-M, Duchemin J-B, Chanteau S, Carniel E: From the recent lessons
of the Malagasy foci towards a global understanding of the factors in-
volved in plague reemergence. Vet Res 2005, 36:437–453.
27. Orochi Orach S: Plague Outbreaks: The Gender and Age Perspective in Okoro
County, Nebbi District, Uganda. Nebbi, Uganda: Agency for Accelerated
Regional Development; 2002.
28. Hopkins GHE: Annotated and illustrated keys to the known fleas of East
Africa. Ugandan J 1947, 11:133–191.
29. Haeselbarth E: Order: Siphonaptera. In The Arthropod Parasites of Vertebrates
in Africa South of the Sahara (Ethiopian Region). Volume III (Insecta Excl.
Phthiraptera). Edited by Zumpt F. Johannesburg: South African Institute for
Medical Research; 1966:117–212.
30. Hopkins GHE, Rothschild M: An Illustrated Catalogue of the Rothschild
Collection of Fleas (Siphonaptera) in the British Museum (Natural History):
Hystrichopsyllidae. London: Ballantyne and Company; 1966.
31. Smit F: Siphonaptera (fleas). In Insects and Other Arthropods of Medical
Importance. Edited by Smith KGV. London: British Museum of Natural
History; 1973:325–371.
32. Delany MJ: The Rodents of Uganda. London: British Museum
(Natural History); 1975.
33. Ducroz JF, Volobouev V, Granjon L: A molecular perspective on the
systematics and evolution of the genus Arvicanthis (Rodentia, Muridae):
inferences from complete cytochrome b gene sequences. Mol Phylogenet
Evol 1998, 10:104–117.
34. Lecompte A, Granjon L, Peterhans JK, Denys C: Cytochrome b-based
phylogeny of the Praomys group (Rodentia, Murinae): a new African
radiation? C R Biol 2002, 325:827–840.
35. Monaghan AJ, MacMillan K, Moore SM, Mead PS, Hayden MH, Eisen RJ: A
regional climatography of West Nile, Uganda, to support human plague
modeling. J Appl Meteorol Climatol 2012, 51:1201–1221.
36. Skamarock WC, Klemp JB: A time-split nonhydrostatic atmospheric model
for weather research and forecasting applications. J Comput Phys 2008,
227:3465–3485.
37. Eisen RJ, Enscore RE, Atiku LA, Zielinski-Gutierrez E, Mpanga JT, Kajik E,
Andama V, Mungujakisa C, Tibo E, MacMillan K, Borchert JN, Gage KL:
Evidence that rodent control strategies ought to be improved to
enhance food security and reduce the risk of rodent-borne illnesses
within subsistence farming villages in the plague-endemic West
Nile region, Uganda. Int J Pest Management 2013, 59:259–270.
38. Simpson EH: Measurement of diversity. Nature 1949, 163:688.39. Bates D, Maechler M, Bolker B, Walker S (2013): Lme4: Linear mixed-effects
models using Eigen and S4. R package version 1.0-5. [http://CRAN.R-
project.org/package=lme4]
40. Kramer M: R2 statistics for mixed models. In Proceedings of the Conference
on Applied Statistics in Agriculture, Volume 17. 2005:148–160.
41. Msangi AS: The surveillance of rodent populations in East Africa in
relation to plague endemicity. Dar Salam Univ Sci J 1975, 1:8–20.
42. Davoust B, Diatta G, Shako J-C, Rajerison M, Abedi AA, Karhemere S, Piarroux
R, Raoult D: Seroprevalence of Yersinia pestis in dogs and small rodents
in one hyperendemic plague focus of Democratic Republic of Congo.
Afr J Microbiol Res 2013, 7:1622–1624.
43. Nowak RM, Paradiso JL: Walker’s Mammals of the World. Volume 1. Baltimore:
Johns Hopkins University Press; 1991.
44. Webb CT, Brooks CP, Gage KL, Antolin MF: Classic flea-borne transmission
does not drive plague epizootics in prairie dogs. Proc Natl Acad Sci U S A
2006, 103:6236–6241.
45. Stapp P, Salkeld DJ, Franklin HA, Kraft JP, Tripp DW, Antolin MF, Gage KL:
Evidence for the involvement of an alternate rodent host in the dynamics
of introduced plague in prairie dogs. J Anim Ecol 2009, 78:807–817.
46. Laudisoit A, Neerinckx S, Makundi RH, Leirs H, Krasnov BR: Are local plague
endemicity and ecological characteristics of vectors and reservoirs
related? A case study in north-east Tanzania. Curr Zool 2009, 55:199–211.
47. Eisen RJ, MacMillan K, Atiku LA, Mpanga JT, Zielinski-Gutierrez E, Graham CB,
Boegler KA, Enscore RE, Gage KL: Identification of risk factors for plague in
the West Nile region of Uganda. Am J Trop Med Hyg 2014, 90:1047–1058.
48. Davis S, Begon M, De Bruyn L, Ageyev VS, Klassovskiy NL, Pole SB, Viljugrein H,
Stenseth NC, Leirs H: Predictive thresholds for plague in Kazakhstan. Science
2004, 304:736–738.
49. Salkeld DJ, Salathe M, Stapp P, Jones JH: Plague outbreaks in prairie dog
populations explained by percolation thresholds of alternate host
abundance. Proc Natl Acad Sci U S A 2010, 107:14247–14250.
50. Samia NI, Kausrud KL, Heesterbeek H, Ageyev V, Begon M, Chan K-S,
Stenseth NC: Dynamics of the plague-wildlife-human system in Central
Asia are controlled by two epidemiological thresholds. Proc Natl Acad Sci
U S A 2011, 108:14527–14532.
51. Hieronimo P, Kimaro DN, Kihupi NI, Gulinck H, Mulungu LS, Msanya BM,
Leirs H, Deckers JA: Land use determinants of small mammals abundance
and distribution in a plague endemic area of Lushoto District. Tanzania
Tanzania J Health Res 2014, 16(3):1–11.
52. Njunwa KJ, Mwaiko GL, Kilonzo BS, Mhina JIK: Seasonal patterns of
rodents, fleas and plague status in the Western Usambara Mountains,
Tanzania. Med Vet Entomol 1989, 3:17–22.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
